Coiled-helix coiled-helix domain containing protein 10 (CHCHD10) and its paralogue CHCHD2 belong to a family of twin CX 9 C motif proteins, most of which localize to the intermembrane space of mitochondria. Dominant mutations in CHCHD10 cause amyotrophic lateral sclerosis (ALS)/frontotemporal dementia, and mutations in CHCHD2 have been associated with Parkinson's disease, but the function of these proteins remains unknown. Here we show that the p.R15L CHCHD10 variant in ALS patient fibroblasts destabilizes the protein, leading to a defect in the assembly of Complex I, impaired cellular respiration, mitochondrial hyperfusion, an increase in the steady-state level of CHCHD2, and a severe proliferation defect on galactose, a substrate that forces cells to synthesize virtually all of their ATP aerobically. CHCHD10 and CHCHD2 appeared together in distinct foci by immunofluorescence analysis and could be quantitatively immunoprecipitated with antibodies against either protein. Blue native polyacrylamide gel electrophoresis analyses showed that both proteins migrated in a high molecular weight complex (220 kDa) in control cells, which was, however, absent in patient cells. CHCHD10 and CHCHD2 levels increased markedly in control cells in galactose medium, a response that was dampened in patient cells, and a new complex (40 kDa) appeared in both control and patient cells cultured in galactose. Re-entry of patient cells into the cell cycle, which occurred after prolonged culture in galactose, was associated with a marked increase in Complex I, and restoration of the oxygen consumption defect. Our results indicate that CHCHD10-CHCHD2 complexes are necessary for efficient mitochondrial respiration, and support a role for mitochondrial dysfunction in some patients with ALS.
Introduction
Amyotrophic lateral sclerosis (ALS) is the most common motor neuron disease and it is frequently associated with frontotemporal dementia (FTD). Mitochondrial dysfunction has often been suggested to underlie ALS pathology, but mutations in bona fide mitochondrial genes have rarely been reported in ALS cohorts. Recent reports of mutations in coiled-helix coiled-helix domain containing protein 10 (CHCHD10) in autosomal dominant familial ALS have changed this outlook. CHCHD10 mutations were first uncovered by whole exome sequencing in a family with motor neuron disease, ALS-and FTD-like symptoms, cerebellar ataxia and myopathy (1) . Subsequent investigations uncovered autosomal dominant mutations in CHCHD10 in a clinically heterogeneous group of patients, ranging from sporadic and familial ALS (2-7), sporadic and familial FTD (2, 8) , autosomal dominant mitochondrial myopathy (9) , spinal muscular atrophy (SMAJ) (10) , Charcot-MarieTooth neuropathy (CMT2) (11), Alzheimer's disease (5) and even Parkinson's disease (PD) (1, 5, 12) . Almost all of the reported mutations are missense substitutions in exon 2, with the exception of a stop-gain mutation (p.Q82X) suggesting a loss-offunction mechanism (2) .
CHCHD10 is a member of the twin CX 9 C motif family of proteins, most of which localize to the mitochondrial intermembrane space (IMS). The CHCH domain forms a helix-turn-helix fold, stabilized by two disulphide bonds, which are formed upon import of these proteins into the IMS by the redox-regulated MIA40 pathway (13) . CHCHD2, a paralogue of CHCHD10, arose by gene duplication from a common ancestor predating human speciation (14) , and both proteins are conserved in all metazoans (15) . The yeast Saccharomyces cerevisiae, contains a single orthologue, Mix17 (31% identity with CHCHD10, and 35% identity with CHCHD2) (16) .
Recently, a missense mutation in CHCHD2 (c.182C>T, p.T61I) was shown to segregate with dominantly inherited late-onset PD in a large Japanese family and further screening revealed other PD patients with genetic variants in CHCHD2 (17) . PD-associated CHCHD2 variants appear to be ethnic-specific, as variants found in Asian patients are not found in Caucasians and vice versa (18) (19) (20) .
While mutations in CHCHD10 and CHCHD2 appear to be associated with a fairly wide spectrum of neurodegenerative disorders, the mechanisms of pathogenesis remain unclear. It has been reported that CHCHD10 is enriched at cristae junctions as part of the mitochondrial contact site and cristae organizing system (MICOS) complex (21) , which is crucial for mitochondrial membrane architecture and cristae organization (22) . Multiple different functions have been suggested for CHCHD2: a regulator of oxidative phosphorylation (OXPHOS) (23) , a transcription factor that regulates the expression of the COX4I2 subunit during stress (24, 25) , an inhibitor of Bax oligomerization through its interaction with Bcl-xL (26) , and finally a protein that sequesters SMAD4 to mitochondria, suppressing the activity of the TGFb signalling pathway (27) .
In this study, we have investigated the function of CHCHD10, and the mechanism of pathogenesis using fibroblasts derived from an ALS patient carrying the pathogenic p.R15L CHCHD10 variant.
Results

Reduced steady-state level of CHCHD10 in patient fibroblasts
All reported mutations in CHCHD10 are heterozygous, suggesting autosomal dominant inheritance; however, whether this results from dominant negative effects, gain of function or haploinsufficiency is generally unknown. To begin to address this question we performed an immunoblot analysis on fibroblasts from an ALS patient, heterozygous for the c.44G>T (p.R15L) CHCHD10 variant. CHCHD10 was reduced to 57% of control levels in patient fibroblasts, whereas the level of its paralogue, CHCHD2, was increased 2.5-fold (Fig. 1A) . Although both CHCHD10 and CHCHD2 have in silico predicted mitochondrial targeting sequences, these do not appear to be processed, as the mature forms of both proteins migrate on reducing gels at their predicted molecular masses (14, 16 kDa, respectively) . Although the p.R15L mutation is contained in the putative targeting sequence, overexpression of the p.R15L variant in control cells showed that it localized to mitochondria without producing an obvious alteration in mitochondrial morphology (Fig. 1B ). The steady-state level of the CHCHD10 mRNA in patient fibroblasts was not significantly different from control (data not shown), and DNA sequencing of an RT-PCR product indicated similar contributions from the wild-type and mutant alleles, as would be expected for a heterozygous missense mutation (Supplementary Material, Fig. S1 ). We conclude that the p.R15L variant targets correctly to mitochondria, but is unstable, leading to a loss of CHCHD10 function.
Hyperfusion of mitochondria but normal mitochondrial ultrastructure in patient fibroblasts
Immunofluorescence analysis revealed a striking mitochondrial hyperfusion phenotype in patient cells and in control fibroblasts in which CHCHD10 was depleted by siRNA ( Fig. 2A and B) ; however, the steady-state levels of the major molecular components of the mitochondrial fusion machinery (OPA1 and MFN1, MFN2) were not significantly altered in patient or CHCHD10-depleted fibroblasts (Fig. 2C) . Consistent with the hyperfusion phenotype, overall steady-state levels of Drp1, which is responsible for mitochondrial fission, were reduced, and a larger proportion appeared in the cytosolic fraction compared with control (Fig. 2D) . Interestingly, depletion of CHCHD2 produced a shift towards short OPA1 isoforms (Fig. 2C) , which was associated with increased mitochondrial fission (data not shown). Retrovirally mediated expression of a wild-type CHCHD10 cDNA (WT CHCHD10) rescued the mitochondrial hyperfusion in patient fibroblasts (from 65 to 9%). Transmission electron microscopy showed mitochondria with normal cristae organization in patient fibroblasts (Fig. 2E ).
Oxygen consumption and OXPHOS defect in patient fibroblasts
To determine if the p.R15L variant affected mitochondrial respiratory function, we measured oxygen consumption rates (OCR) using an Extracellular Flux Analyzer (Seahorse) in control and patient cells, as well as patient cells overexpressing wild-type CHCHD10. The OCR was measured in four steps: (i) basal OCR, (ii) after addition of oligomycin (1 lM) which inhibits ATP synthase, (iii) after uncoupling with cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) (2 lM) and (iv) after addition of a mix of rotenone and antimycin A (0.5 lM), inhibitors of Complex I and III, respectively. Basal mitochondrial respiration of patient cell lines was reduced by 46 6 12% (P <0.05) compared with controls (Fig. 3A) and the maximal respiratory capacity in response to uncoupling agent FCCP was reduced by 55 6 12% (P <0.05). The extracellular acidification rate (ECAR) was increased about 2-fold in patient fibroblasts. This result was phenocopied with a CRISPR-Cas9-mediated CHCHD10 knockout cell line; however, not by the siRNA-mediated depletion of CHCHD10 ( Fig. 3B;  Supplementary Material, Fig. S2 ). Overexpression of CHCHD2 in control fibroblasts did not reduce OCR, arguing against role for increased CHCHD2 expression in disease pathogenesis (Supplementary Material, Fig. S3 ). Consistent with the rescue of the mitochondrial hyperfusion phenotype, overexpression of wild-type CHCHD10 in patient fibroblasts rescued the respiration defect ( Fig. 3A and B) .
To determine the steady-state levels of the OXPHOS complexes we performed a blue native polyacrylamide gel electrophoresis (BN-PAGE) analysis. Patient fibroblasts showed about a 2-fold reduction in the level of fully assembled Complex I ( Fig.  3C ; Supplementary Material, Fig. S4 ), while the levels of the other OXPHOS complexes were not significantly altered. Consistent with this, the steady-state level of a Complex I subunit (NDUFA9) was reduced by immunoblot analysis (Fig. 1A) .
CHCHD10 is required for growth in glucose-free medium
To interrogate mitochondrial respiratory function, we grew cells in medium containing a non-fermentable carbon source (in which glucose is replaced by galactose), forcing them to rely almost entirely on OXPHOS for ATP production. In general, cells with OXPHOS deficiencies grow more slowly than control cells in galactose medium or, if the deficiency is severe, undergo apoptosis. About 20% of the patient fibroblasts died within the first 24 h in galactose, and while the remaining cells stayed attached to the plate (Fig. 4A) , they only started dividing after an adaptation period of $2 weeks (data not shown). Based on the severity of the Complex I assembly defect, this behaviour was unexpected, suggesting that other factors are at play.
To further analyse the effects of galactose medium, we performed an immunofluorescence analysis of CHCHD10 in patient and control cells. CHCHD10 levels steadily increased in control, but not in the patient cells, over the time course of the experiment (Supplementary Material, Fig. S5 ). Consistent with these results, immunoblot analysis showed that CHCHD10 levels increased after 5 days in galactose medium, and continued to increase up to 15 days in control cells, whereas patient cells showed only a slight increase in CHCHD10 levels by Day 5, which, however, was not maintained by Day 15 (Fig. 4B) . CHCHD2 levels were increased in both patient and control fibroblasts on Days 5 and 15. The changes in the levels of CHCHD10 in control cells were specific and did not reflect the small increase in mitochondrial content; however, there was a $1.5-fold increase in SDHA in patient cells after 15 days in galactose and strikingly a nearly 4-fold increase in NDUFA9, a proxy for Complex I assembly ( We next measured the changes in OCR in control and patient cells after 5 and 15 days in galactose medium. As expected, in control cells there was an increase in basal oxygen consumption over that observed in glucose medium, and a partial normalization of OCR in the patient cells after 5 days, which reached control levels after 15 days ( 
CHCHD10 immunoprecipitates CHCHD2 and C1QBP
To characterize the CHCHD10 interactome we immunoprecipitated the endogenous protein and analysed it by liquid chromatography-tandem mass spectrometry (LC-MS/MS). This analysis identified CHCHD2 and C1QBP (p32), a multifunctional protein involved in mitochondrial translation (28) , as major interactors of CHCHD10. Reciprocal immunoprecipitation of endogenous CHCHD2 also precipitated CHCHD10 and C1QBP (not shown in immunoblot) suggesting a robust interaction between these mitochondrial proteins ( Fig. 5A ; Supplementary Material, Tables S1 and S2).
To further analyse the interdependence between CHCHD10 and CHCHD2 we performed siRNA-mediated depletion of each protein and analysed the levels of its potential partner by immunoblot analysis. Surprisingly, when CHCHD2 was depleted the levels of CHCHD10 decreased, whereas short-term depletion of CHCHD10 did not affect CHCHD2 levels (Fig. 5B) . Immunofluorescence analysis of CHCHD2 and CHCHD10 using antibodies against the endogenous proteins showed a punctate pattern and a high degree of co-localization, consistent with the immunoprecipitation results (Fig. 5C ).
CHCHD10 forms high molecular weight complexes with CHCHD2 and is not part of the MICOS complex
To investigate whether CHCHD10 forms stable complexes with CHCHD2 or C1QBP we performed two-dimensional PAGE (2D-PAGE) analysis (Fig. 6 ). In normal glucose-containing medium (Fig. 6A , top panel), CHCHD10 and CHCHD2 were present both in low molecular weight complexes [as either monomers (14 and 16 kDa, respectively), or dimers (not possible to distinguish between these possibilities on this gel), and in higher molecular weight complexes (CHCHD10: 170 and 220 kDa, CHCHD2: 220 kDa), whereas C1QBP ran only as a In each experimental condition described, 86 cells were analysed and the mitochondrial network organization was classified as fused, normal reticulum (intermediate) or fragmented, in three independent experiments. Data represent mean6SD and P-values were calculated using a two-tailed, unpaired t-test. P-values were calculated using a two-tailed, paired t-test *P < 0.05, **P < 0.01. (C) Immunoblot analysis of key players in mitochondrial fusion in patient or siRNA-depleted fibroblasts. Immunoblot analysis of MFN1, MFN2 and OPA1 levels in control and patient fibroblasts as well as fibroblasts where CHCHD10 (siRNA CHCHD10-2) or CHCHD2 (siRNA CHCHD2-2) was depleted by siRNA. SDHA, Porin and Tubulin were used as loading controls. (D) Analysis of DRP1 localization in control and patient fibroblasts by immunoblot analysis after cellular fractionation. Porin was used as a mitochondrial marker and tubulin as a cytosolic marker. (E) Analysis of the mitochondrial ultrastructure by transmission electron microscopy in control and patient fibroblasts. Scale bars: 500 nm. monomer (32 kDa)]. As expected, the level of CHCHD10 was reduced in patient mitochondria (Fig. 6B, top panel) , but strikingly, it was virtually absent in the higher molecular weight complexes. Furthermore, the level of CHCHD2 appeared to compensate for the loss of CHCHD10 in the 170 kDa complex. Neither CHCHD10, nor CHCHD2 co-migrated with IMMT/Mic60 or CHCHD3/Mic19, key components of the MICOS complex, which itself was unaffected in patient fibroblasts.
To investigate whether these high molecular weight complexes would be influenced by growth in galactose medium we subjected cells grown for 9 days in galactose to 2D-PAGE analysis. CHCHD10 and CHCDH2 levels increased in control cells (Fig.  6a, bottom panel) , confirming the immunoblot analysis (Fig. 4B) , and we observed the appearance of additional complexes at 40 and 100 kDa, the appearance of CHCHD2 in the complex at 170 kDa, but no apparent change in the complex at 220 kDa. Patient fibroblasts (Fig. 6B, bottom panel) showed increased CHCHD2 levels in galactose, and a substantial shift into the complex at 40 kDa, but a further decrease in the higher molecular weight complexes containing either CHCHD2 or CHCHD10. These complexes are likely soluble in the IMS as CHCHD10 behaves like a soluble protein after alkaline carbonate extraction (Supplementary Material, Fig. S8 ).
Discussion
This study shows that two twin CX 9 C mitochondrial IMS proteins, CHCHD10 and CHCHD2, both of which have been implicated in neurodegenerative diseases, exist in complexes that support efficient mitochondrial respiration. Fibroblasts from an ALS patient with a mutation in CHCHD10 displayed a striking mitochondrial hyperfusion phenotype, a deficiency in both basal and maximal respiration, increased anaerobic glycolysis, and a severe growth defect on a non-fermentable carbon source, all strongly suggesting insufficient aerobic energy supply as the underlying disease mechanism.
Three lines of evidence, including immunoprecipitation, immunofluorescence and 2D-PAGE, place CHCHD10 and CHCHD2 in protein complexes of 40, 100, 170 and 220 kDa depending on culture conditions. In glucose-containing medium about half of the CHCHD10 in control cells was present in the defect as revealed by subunit-specific antibodies against individual OXPHOS complexes. Quantification from five independent experiments, data represent mean6SEM. P-values were calculated using a two-tailed, paired t-test *P < 0.05. 170 and 220 kDa complexes, which were essentially undetectable in patient fibroblasts. The appearance of the 40 kDa complex, which was only prominent in control and patient cells in galactose medium, correlated with the recovery of the oxygen consumption defect in the patient cells, and the re-entry into a proliferative phase. There appears to be some degree of functional interdependence between the two proteins as reduced levels of CHCHD10 in patient fibroblasts were associated with a marked increase in the levels of CHCHD2, perhaps as a compensatory mechanism, and the siRNA-mediated depletion of CHCHD2 resulted in decreased levels of CHCHD10, suggesting a role for CHCHD2 in CHCHD10 stability. Furthermore, similar increases were observed in the steady-state levels of both proteins in control cells growing in galactose. The immunoprecipitation data suggest that the CHCHD10-CHCHD2 complexes are largely hetero-oligomers. C1QBP (p32), a predominantly mitochondrial matrix protein that behaves as a monomer on second dimension gels, was the only other protein found to coimmunoprecipitate consistently in these experiments. We did not find any evidence for an association of CHCHD2 with cytochrome c oxidase, as had been previously reported (25) . How might the interaction with matrix protein p32 occur? Although it is clear from our data that the majority of CHCHD10 runs on denaturing gels at its predicted (unprocessed) molecular mass, a recent investigation of the N-termini of mitochondrial proteins suggested that murine CHCHD10 is processed at amino acid 80 (full length is 142aa) (29) . It is thus possible that some fraction of CHCHD10 engages the TIM machinery and is processed in the matrix; however, this would need to be verified experimentally.
Importantly, our study clearly shows that the CHCHD10-CHCHD2 complex does not associate with MICOS, a multi-subunit complex that determines the architecture of mitochondrial cristae in the inner mitochondrial membrane. Neither CHCHD10 nor CHCHD2 co-immunoprecipitated or co-migrated on second (B) Immunoblot analysis and quantification of CHCHD10 and CHCHD2 levels in control and patient fibroblasts after subjecting the cells to galactose-containing medium for 5 and 15 days, respectively. Actin was used as a loading and normalization control. Graph represents the relative protein levels of CHCHD10 and CHCHD2 in control and patient cells grown in galactose medium compared with those grown in glucose medium (set to 1). Data represent mean 6 SD (control, n ¼ 6; patient, n ¼ 3).
P-values were calculated using a two-tailed, paired t-test *P < 0.05, **P < 0.01. (C) Seahorse Bioscience XF24 Extracellular Flux Analyzer was used to measure the oxygen consumption rate (OCR) and the extracellular acidification rate (ECAR) in control and patient fibroblasts grown in either glucose or galactose-containing medium. n ¼ 3, data represent mean 6 SEM.
dimension Blue-Native gels with components of the MICOS complex, an observation that contrasts sharply with a recent report (21) . We previously performed affinity purification/mass spectrometry studies with antibodies directed against the endogenous forms of two bona fide MICOS subunits (Mic60, Mic19) and did not recover either CHCHD10 or CHCHD2 in the immunoprecipitates (30) . Consistent with our results, the MICOS complex was not destabilized in fibroblasts from our patient, and we found no evidence for a mitochondrial ultrastructural abnormality. Significantly, Mix17 the yeast orthologue of CHCHD10 and CHCHD2, does not constitute part of the yeast MICOS complex (31) .
The oxygen consumption deficiency in patient cells, the growth defect of these cells in galactose medium, and the marked increase (3-to 4-fold) in CHCHD10 levels in control cells grown in galactose, suggest a key role for CHCHD10 in respiration, particularly under the stress conditions that are induced by forcing mitochondrial OXPHOS and increasing oxidative stress. In yeast, Mix17 is also required for normal oxygen consumption, and its steady-state level is reported to increase in response to replication stress (32) . The level of CHCHD10 in patient cells was largely unresponsive to growth in galactose, despite the fact that these cells still carry one normal allele. However, there was a slow, progressive increase in oxygen consumption in the patient cells that correlated with an increase in mitochondrial volume, an even greater increase in a marker of Complex I assembly, and an increase in the level of CHCHD2-all likely adaptive responses to the low levels of CHCHD10. Whether other metabolic adaptations are also necessary for the recovery of respiration in patient cells remains to be determined.
Loss of CHCHD10 resulted in a hyperfused mitochondrial network, independent of significant changes in the levels of the proteins involved in mitochondrial fusion (MFN1, MFN2, OPA1). Mitochondrial fusion is a common response to nutrient starvation, increased oxidative stress etc. (33) . It seems likely that stress induced by the loss of CHCHD10 results in reduced mitochondrial fission, owing to the repartitioning of DRP1 in the cell from the mitochondrial surface to the cytosol which we observed in the patient cells.
Overall, our data support a disease mechanism of haploinsufficiency, at least for the CHCHD10 p.R15L variant associated with ALS: (i) the steady-state level of CHCHD10 was reduced in patient fibroblasts, (ii) the respiration defect in patient cells (phenocopied in CHCHD10 knockout cells) could be rescued by expression of a wild-type CHCHD10 cDNA, and (iii) the defect in mitochondrial morphology was also rescued by expression of a wild-type CHCHD10 cDNA (iv) overexpression of the p.R15L variant in control cells did not produce an obvious phenotype. Our results differ from previous findings on the p.S59L variant in which mitochondria appeared fragmented, and mitochondrial cristae disorganized in patient fibroblasts, as well as HeLa cells overexpressing mutant cDNA (21) , suggesting that some mutations in CHCHD10 could behave as dominant negatives or have a toxic gain of function.
We speculate that the focal expression of CHCHD10-CHCHD2 complexes creates a mitochondrial platform or microenvironment that is necessary for efficient organization and function of the mitochondrial OXPHOS system, which is especially required in times of transient increases in demand for aerobically produced ATP, a characteristic of neurons and muscle cells. Further studies will be required to determine the precise molecular function of these proteins. 
Materials and Methods
Human studies
The research studies on cell lines were approved by the institutional review board of the Montreal Neurological Institute, McGill University.
Cell lines and media
A primary fibroblast culture was established from a previously published heterozygous carrier of c.44G>T (p.R15L) (patient DNA #8807) diagnosed with sporadic ALS at age 54 (involving his upper limb) who remains alive 14 years later (5). The p.R15L substitution, has been reported in ALS patients in several independent studies (3) (4) (5) , including its segregation with disease in large ALS family (3). Control (Montreal Children's Hospital cell repository; Montreal; Canada; MCH58, 64, 65) and patient fibroblasts were immortalized by transduction with retroviral vectors expressing the HPV-16 E7 gene and the catalytic component of human telomerase (htert) as described previously (34) . Fibroblasts and 143B cells were grown in 4.5 g/l glucose DMEM supplemented with 10% fetal bovine serum (FBS), at 37 C in an atmosphere of 5% CO 2 . Cells stably overexpressing CHCHD10 in patient cells were engineered using retroviral vectors as previously described (35) . For carbon source-dependent experiments, cells were grown in DMEM with 10% dialysed FBS supplemented with either 4.5 g/l glucose or 4.5 g/l galactose.
siRNA transfection siRNA duplex constructs were used for transient depletion of CHCHD10 (ambion: CHCHD10-1: s53405; CHCHD10-2: s196436; CHCHD10-3: s226550) or CHCHD2 (ambion: CHCHD2-1: s27540; CHCHD2-2: s27541) in control fibroblasts. siRNA duplexes were transiently transfected into cells using Lipofectamine RNAiMAX (Invitrogen), according to the manufacturer's specifications. The transfection was repeated on Day 3 and the cells were harvested on Day 6 for analysis.
Generation of stable cell lines over-expressing CHCHD10
CHCHD10 was amplified through PCR with Taq-polymerase with 7-deaza GTP/nucleotide mix (NEB) using cDNA from control fibroblasts as a template, and cloned into pBABE-Puro using Gateway Cloning Technology (Invitrogen). Retroviral constructs were transfected into the Phoenix packaging cell line using the HBS/Ca 3 (PO 4 ) 2 method. Control and patient fibroblasts were infected 48 h later by exposure to virus-containing medium in the presence of 4 lg/ml of polybrene as described previously (36) .
Generation of CRISPR-Cas9 CHCHD10 knockout cell line
The sgRNA oligomers for CHCHD10 targeting exon 2 were annealed and inserted into plasmid pSpCas9(BB)-2A-Puro (PX459) V2.0 from Addgene (62988) via combined ligation (T7 ligase NEB) and restriction enzyme (BpiI, NEB) reaction.
Sequence for sgRNA targeting exon 2 of CHCHD10:
The plasmid (1.5 lg) was transfected into a fibroblasts cell line with jetPRIME reagent. Twenty-four hours after transfection puromycin was added for 2 days at a concentration of 5 lg/mL. Cells were than expanded and single clones were selected and analysed by immunoblot and sequencing for positive CHCHD10 knockout cell lines.
Mitochondrial isolation
Fibroblasts or 143B cells were rinsed twice with phosphate buffered saline (PBS), resuspended in ice-cold 250 mM sucrose/ 10 mM Tris-HCl (pH 7.4), and homogenized with 10 passes of a pre-chilled, zero-clearance homogenizer (Kimble/Kontes). A post-nuclear supernatant was obtained by centrifugation of the samples twice for 10 min at 600g. Mitochondria were pelleted by centrifugation for 10 min at 10 000g and washed once in the same buffer. Protein concentration was determined using the Bradford assay.
Mitochondrial fractionation
Control and patient fibroblasts were rinsed twice in PBS, resuspended in ice-cold 250 mM sucrose/10 mM Tris-HCl (pH 7.4).
Ten percent of the suspension was lysed in 1.5% DDM in PBS and centrifuged for 15 min at 20 000g, and the supernatant was considered as the total fraction. The rest (90%) of the cells were homogenized in ice-cold 250 mM sucrose/10 mM Tris-HCl (pH 7.4) with 10 passes of a pre-chilled, zero-clearance homogenizer (Kimble/Kontes). A post-nuclear supernatant was obtained by centrifugation of the samples three times for 10 min at 600g. Mitochondria were pelleted by centrifugation for 10 min at 10 000g, washed twice in the same buffer, and lysed in 1.5% DDM in PBS. The lysate was considered as crude mitochondrial fraction. The remaining supernatant was cleared by three further rounds of centrifugation at 10 000g for 10 min. This supernatant was then centrifuged at 100 000g for 1 h. The pellet was washed two times with PBS, lysed in 1.5% DDM in PBS, and considered as light membranes. The supernatant was adjusted to 1.5% DDM and considered as the cytosol fraction. Protein concentration was determined by Bradford assay.
Alkaline carbonate extraction
Mitochondria isolated from control and patient fibroblasts were extracted with 100 mM alkaline carbonate at pH 11.5 as previously described (35) , centrifuged at 20 000g and the pellet and supernatant fractions analysed by SDS-PAGE.
Denaturing, native and 2D-PAGE
For SDS-PAGE, cells were extracted with 1.5% n-dodecyl-D-maltoside (DDM) in PBS, after which 20 lg of protein was run on denaturing polyacrylamide gels. BN-PAGE was used to separate individual OXPHOS complexes. Isolated mitochondria were solubilized with 1% DDM, and 20 lg of solubilized samples were run in the first dimension on 6-15% or 8-15% polyacrylamide gradient gels as previously described (37) . Two-dimensional (2D)-BN-PAGE/SDS-PAGE was carried out as detailed previously (38) . The separated proteins were transferred to a nitrocellulose membrane and immunoblot analysis was performed with the indicated antibodies.
Oxygen consumption measurements using the SeaHorse apparatus
Cells were seeded the day before measurement in a 24-well culture plate at 4 Â 10 4 cells/well. Culture media was removed the following day and replaced with XF Assay Media from SeaHorse Bioscience (Billerica, MA, USA) containing 4.5 g/l glucose or galactose and incubated at 37 C. OCR and the ECAR were measured using the SeaHorse XF24 Extracellular Analyzer over a 100-min time period. The assay consisted of three basal rate measurements followed by sequential injections of oligomycin (1 lM), FCCP (2 lM) and rotenone (0.5 lM) þ antimycin (0.5 lM). Three rate measurements were performed after each injection.
Error bars represent mean 6 SD of four to five independent experiments and the P-values were calculated using a t-test.
Immunofluorescence analyses
Immunofluorescence analyses were performed by fixation of the cells grown on coverslips with 4% formaldehyde in PBS at room temperature for 20 min, permeabilization in 0.1% Triton X-100 in PBS, blocking with 5% bovine serum albumin (BSA) in PBS, followed by incubation with primary antibodies in 5% BSA in PBS, for 1 h at RT. The appropriate anti-species secondary antibodies coupled to Alexa fluorochromes (Invitrogen) (1:1000) were further used for 30 min at RT. Coverslips were mounted onto slides using fluorescence mounting medium (Dako). Stained cells were imaged using a 60Â or a 100Â objective lenses (NA1.4) on an Olympus IX81 inverted microscope with appropriate lasers using an Andor/Yokogawa spinning disk system (CSU-X), with a sCMOS camera. Mitochondrial network morphology was classified in a blinded manner as fused, normal reticulum (intermediate) or fragmented. For each condition, 86 cells were analysed. Experiments were done three times independently. Error bars represent mean 6 SD and P-values were calculated using a t-test. 
Analysis of mitochondrial ultrastructure by transmission electron microscopy
Cell growth assay
For immortalized fibroblasts, 82 000 cells were seeded in 6-well culture dishes at Day 0. For the galactose experiments, cells were switched to galactose-containing medium on Day 1. After 1, 2, 3, 5 and 7 days of culture, cells were trypsinized, homogenized, and counted using a Bio-Rad TC10 automated cell counter. Experiments were done in independent triplicates. Error bars represent mean 6 SD and P-values were calculated using a t-test.
Statistical analysis
All data are reported as mean 6 SD or 6SEM as indicated in the figure legend. Statistical significance was determined using Student's two-tailed, unpaired and paired t-tests. P-values <0.05 were considered statistically significant and labelled as follows: *P < 0.05, and **P < 0.01.
Supplementary Material
Supplementary Material is available at HMG online. 
